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The	  BICEP2/Keck	  Telescopes	  
Telescope as compact as 
possible while still having the 
angular resolution to observe 
degree-scale features. 
 
On-axis, refractive optics 
allow the entire telescope to 
rotate around boresight for 
polarization modulation. 
 
Liquid helium (or PT cooler) 
cools the optical elements to 
4.2 K. 
 
A 3-stage helium sorption 
refrigerator further cools the 
detectors to 0.27 K. 
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BICEP2 Detector:  Transition-Edge Superconductor 
Detecting the CMB radiation 
JPL 
>100 tiles  
(>12,000 detectors) 
have been produced  
over the past 8 yrs 
 
CMB technology will be a focus! 
           
 
   google “ISSTT” 
BICEP1 
  BICEP2 
    BICEP3 
10m South Pole Telescope 
DASI 
QUAD 
Keck 
Array 
NSF’s South Pole Station: 
A popular place with CMB Experimentalists! 
Atacama offers a proven & developed excellent alternative site. 
Greenland, Tibet may offer viable sites for northern coverage 
Dry, stable atmosphere and 24h coverage of “Southern Hole”. 
South Pole CMB telescopes 
South Pole: “Relentless  Observing” 
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BICEP2 3-year Data Set 
Live Time 
Instantaneous Sensitivity 
Cumulative Map Depth 
on source 
after cuts 
Final map depth: 

The Bicep2 Collaboration 
Cosmic Microwave Background 
Intensity 
Planck’s all sky CMB   
temperature map   
scale ±500 µK 
 
Polarization 
Bicep2’s CMB polarization map 
filtered l=50-120 
The Bicep2 Collaboration 
CMB Polarization 
Bicep2’s CMB polarization map 
Need 2D basis to describe polarization map... 
Stokes Q Stokes U 
Polarization 
...familiar choice: Stokes Parameters Q&U 
The Bicep2 Collaboration 
CMB Polarization 
Bicep2’s CMB polarization map 
E-mode 
B-mode 
Polarization 
…map eigenmode-based B separation for highest fidelity  
E-mode B-mode 
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B-mode Map vs. Simulation 
Analysis “calibrated” using 
lensed-ΛCDM+noise 
simulations. 
 
The simulations repeat the full 
observation at the timestream 
level - including all filtering 
operations. 
 
We perform various filtering 
operations: Use the sims to 
correct for these 
 
Also use the sims to derive the 
final uncertainties (error bars) 
r=0 
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BICEP2 B-mode Power Spectrum 
B-mode power spectrum 
temporal split jackknife 
lensed-ΛCDM  
r=0.2 
B-mode power spectrum estimated from 
Q&U maps, including map 
based “purification” to avoid E→B 
mixing 
 
Consistent with lensing expectation 
at higher l. (yes – a few points are high 
but not excessively…) 
 
At low l excess over lensed-ΛCDM with 
high signal-to-noise. 
 
For the hypothesis that the measured 
band powers come only from lensed-
ΛCDM we find: 
 
 χ2 PTE 
significance 
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Temperature and Polarization Spectra 
power spectra 
temporal split jackknife 
 
lensed-ΛCDM  
r=0.2 
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Check Systematics: Jackknifes 
Splits the 4 boresight rotations 
Splits by time 
Splits by channel selection 
Splits by possible external contamination 
Splits to check intrinsic detector properties 
Amplifies differential pointing in comparison to 
fully added data.  Important check of 
deprojection.  See later slides. 
Checks for contamination on long (“Temporal Split”) 
and short (“Scan Dir”) timescales.  Short timescales 
probe detector transfer functions. 
Checks for contamination in channel subgroups, 
divided by focal plane location, tile location, and 
readout electronics grouping 
Checks for contamination from ground-fixed signals, such 
as polarized sky or magnetic fields, or the moon 
Checks for contamination from detectors with best/
worst differential pointing.  “Tile/dk” divides the data by 
the orientation of the detector on the sky.   
14 jackknife tests applied to 3 spectra, 4 statistics 
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Calibration Measurements 
Detector Polarization Calibration 
Hi-Fi beam maps of  
individual detectors 
Far field beam mapping 
Detailed description in  
companion Instrument Paper  
For instance... 
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We know our Beam Shapes 
Simulation 
(explicit convolution  
with Planck T map) 
Predictions of 
contamination 
Because contamination from beam shape mismatch is entirely deterministic, 
we can both filter it out (deprojection) and predict it in simulation using 
calibration data and Planck T map as input. 
Calibration data 
for each channel 
* 
analysis by Chris Sheehy, Chin Lin Wong 
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Systematics beyond Beam imperfections 
All systematic effects that we 
could imagine were investigated. 
  
 
We find with high confidence that 
the apparent signal cannot be 
explained by instrumental 
systematics! 
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March 2014: Cross Spectra between 3 Experiments 
 
 
 
~3σ evidence of excess power in the  
     B2 x BICEP1 (100+150 GHz)  
          cross spectrum 
 
 
Excess power is also evident in the 
    B2 x Keck 2012/13 (150 GHz) 
          cross spectrum 
 
Cross spectra:  
Powerful additional evidence against a 
systematic origin of the apparent signal 
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March 2014: Spectral Index of the B-mode Excess 
Comparison of B2 auto with B2150 x B1100 
constrains signal frequency dependence, 
independent of foreground projections, but 
only with very modest significance. 
 
 
Likelihood ratio test: consistent 
with CMB spectrum, disfavor 
pure dust for excess at 1.7σ 
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March 2014: Constraint on r under Foreground Projections 
Adjust likelihood curve by subtracting the 
dust projection auto and cross spectra from 
our bandpowers: 
“Probability that each of these models reflect reality 
is hard to assess” – uncertainties could go in either 
direction, but large enough to equal entire signal.   
 
 
r = 0.15 to 0.19, based on these models 
at default values. 
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We report results from the Bicep2 experiment, a Cosmic Microwave Background (CMB) po-
larimeter specifically designed to search for the signal of inflationary gravitational waves in the
B-mode power spectrum around ` ⇠ 80. The telescope comprised a 26 cm aperture all-cold refract-
ing optical system equipped with a focal plane of 512 antenna coupled transition edge sensor (TES)
150 GHz bolometers each with temperature sensitivity of ⇡ 300 µKcmbps. Bicep2 observed from
the South Pole for three seasons from 2010 to 2012. A low-foreground region of sky with an e↵ective
area of 380 square degrees was observed to a depth of 87 nK-degrees in Stokes Q and U . In this pa-
per we describe the observations, data reduction, maps, simulations and results. We find an excess
of B-mode power over the base lensed-⇤CDM expectation in the range 30 < ` < 50, inconsistent
with the null hypothesis at a significance of > 5 . Through jackknife tests and simulations based on
detailed calibration measurements we show that systematic contamination is much smaller than the
observed excess. Cross correlating against Wmap 23 GHz maps we find that Galactic synchrotron
makes a negligible contribution to the observed signal. We also examine a number of available mod-
els of polarized dust emission and find that at their default parameter values they predict power
⇠ 5   10⇥ smaller than the observed excess signal (with no significant cross-correlation with our
maps). However, these models are not su ciently constrained by external public data to exclude
the possibility of dust emission bright enough to explain the entire excess signal. Cross-correlating
Bicep2 against 100 GHz maps from the Bicep1 experiment, the excess signal is confirmed with 3 
significance and its spectral index is found to be consistent with that of the CMB, disfavoring dust
at 1.7 . The observed B-mode power spectrum is well-fit by a lensed-⇤CDM + tensor theoretical
model with tensor/scalar ratio r = 0.20+0.07 0.05, with r = 0 disfavored at 7.0 . Accounting for the
contribution of foreground dust will shift this value downward by an amount which will be better
constrained with upcoming datasets.
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I. INTRODUCTION
The discovery of the Cosmic Microwave Background
(CMB) by Penzias and Wilson [1] confirmed the hot big
bang paradigm and established the CMB as a central tool
for the study of cosmology. In recent years, observations
Bicep2 I: Detection of B-mode Polarization at Degree Angular Scales
BICEP2 Collaboration - P. A. R. Ade,1 R. W. Aikin,2 D. Barkats,3 S. J. Benton,4 C. A. Bischo↵,5 J. J. Bock,2, 6
J. A. Brevik,2 I. Buder,5 E. Bullock,7 C. D. Dowell,6 L. Duband,8 J. P. Filippini,2 S. Fliescher,9 S. R. Golwala,2
M. Halpern,10 M. Hasselfield,10 S. R. Hildebrandt,2, 6 G. C. Hilton,11 V. V. Hristov,2 K. D. Irwin,12, 13, 11
K. S. Karkare,5 J. P. Kaufman,14 B. G. Keating,14 S. A. Kernasovskiy,12 J. M. Kovac,5, ⇤ C. L. Kuo,12, 13
E. M. Leitch,15 M. Lueker,2 P. Mason,2 C. B. Netterfield,4, 16 H. T. Nguyen,6 R. O’Brient,6 R. W. Ogburn IV,12, 13
A. Orlando,14 C. Pryke,9, 7, † C. D. Reintsema,11 S. Richter,5 R. Schwarz,9 C. D. Sheehy,9, 15 Z. K. Staniszewski,2, 6
R. V. Sudiwala,1 G. P. Teply,2 J. E. Tolan,12 A. D. Turner,6 A. G. Vieregg,5, 15 C. L. Wong,5 and K. W. Yoon12, 13
1School of Physics and Astronomy, Cardi↵ University, Cardi↵, CF24 3AA, UK
2Department of Physics, California Institute of Technology, Pasadena, CA 91125, USA
3Joint ALMA Observatory, ESO, Santiago, Chile
4Department of Physics, University of Toronto, Toronto, ON, Canada
5Harvard-Smithsonian Center for Astrophysics, 60 Garden Street MS 42, Cambridge, MA 02138, USA
6Jet Propulsion Laboratory, Pasadena, CA 91109, USA
7Minnesota Institute for Astrophysics, University of Minnesota, Minneapolis, MN 55455, USA
8SBT, Commissariat a` l’Energie Atomique, Grenoble, France
9Department of Physics, University of Minnesota, Minneapolis, MN 55455, USA
10Department of Physics and Astronomy, University of British Columbia, Vancouver, BC, Canada
11National Institute of Standards and Technology, Boulder, CO 80305, USA
12Department of Physics, Stanford University, Sta ford, CA 94305, USA
13K vli Institute for Particle Astrophysics and Cosmology,
SLAC National Accelerator Laboratory, 2575 Sand Hill Rd, Menlo Park, CA 94025, USA
14Department of Physics, University of California at San Diego, La Jolla, CA 2093, USA
15University of Chicago, Chicago, IL 60637, USA
16Canadian Institute for Advanced Research, Toronto, ON, Canada
We report results from the Bicep2 experiment, a Cosmic Microwave Background (CMB) po-
larimeter specifically designed to search for the signal of inflationary gravitational waves in the
B-mode power spectrum around ` ⇠ 80. The telescope comprised a 26 cm aperture all-cold refract-
ing optical system equipped with a focal plane of 512 antenna coupled transition edge sensor (TES)
150 GHz bolometers each with temperature sensitivity of ⇡ 300 µKcmbps. Bicep2 observed from
the South Pole for three seasons from 2010 to 2012. A low-foreground region of sky with an e↵ective
area of 380 square degrees was observed to a depth of 87 nK-degrees in Stokes Q and U . In this pa-
per we describe the observations, data reduction, maps, simulations and results. We find an excess
of B-mode power over the base lensed-⇤CDM expectation in the range 30 < ` < 150, inconsistent
with the null hypothesis at a significance of > 5 . Through jackknife tests and simulations based on
detailed calibration measurements we show that systematic contamination is much smaller than the
observed excess. Cross correlating against Wmap 23 GHz maps we find that Galactic synchrotron
makes a negligible contribution to the observed signal. We also examine a number of available mod-
els of polarized dust emission and find that at their default parameter values they predict power
⇠ 5   10⇥ smaller than the observed excess signal (with no significant cross-correlation with our
maps). However, these models are not su ciently constrained by external public data to exclude
the possibility of dust emission bright enough to explain the entire excess signal. Cross-correlating
Bicep2 against 100 GHz maps from the Bicep1 experiment, the excess sign l is c nfirmed with 3 
significance and its spectral index is found to be consistent with that of the CMB, disfavoring dust
at 1.7 . The observed B-mode power spectrum is well-fit by a lensed-⇤CDM + tensor theoretical
model with tensor/scalar ratio r = 0.20+0.07 0.05, with r = 0 disfavore at 7.0 . Accounting for the
contribution of foreground dust will shift this value downward by an amount which will be better
constrained with upcoming datasets.
PACS numbers: 98.70.Vc, 04.80.Nn, 95.85.Bh, 98.80.Es
Keywords: cosmic background radiation — cosmology: observations — gravitatio al waves — inflat on —
polarization
⇤ jmkovac@cfa.harvard.edu
† pryke@physics.umn.edu
I. INTRODUCTION
The discovery of the Cosmic Microwave Background
(CMB) by Penzias and Wilson [1] confirmed the hot big
bang paradigm and est blished the CMB as a central tool
for the study of cosmology. In recent years, observations
Timeline Since March 2014… 
• Many early instrumental / stat queries… mostly seem to have faded 
• Major outstanding issue: 
Polarized dust foreground may be stronger than previously projected… 
March 18: J. L. Puget: “For certainty, dust maps must be subtracted; wait for Planck” 
• May:  4 new papers on dust polarization appeared from Planck 
– mid-latitude only; faintest regions excluded where systematics and noise dominated. 
– Trend to higher polarization in low dust regions.  4% avg (i.e. consistent w/ models), 
but > 10% in some regions – spatial variation of polarized power not yet understood! 
• June:  PRL final version of paper published: 
Uncertainty on interpretation has increased:  “Is it all dust?”   
      BICEP2(+1) internal constraints are weak.  Dust models appear not to be reliable. 
B-mode detection + analysis are secure – the measurements work! 
Getting new data remains more important than ever. 
 
• July: Joint Analysis begun with Planck, combining maps to cross spectra 
• September: PIP-XXX released, including high-latitude dust study 
September 2014: Planck XXX 
Planck XXX (1409.5738) Fig. 10: 
 
➢  The 353x353 spectrum scaled to 150 
GHz (Bicep2’s frequency) 
 
➢  SED and uncertainty is derived from 
average over large sky fraction – 
Planck XXX finds no evidence of 
departures of polarized dust from this 
scaling.   
 “Good news for component  
 separation” – F. Boulanger 
 
 
 
Planck XXX (1409.5738) Fig. 9: 
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➢  In a single broad bin roughly matches the 
power seen by BICEP2 
➢  Planck XXX paper states:  
“ The present uncertainties are large and 
will be reduced through an ongoing, joint 
analysis of the Planck and BICEP2 data 
sets. ” 
Coming next (1): BICEP2 + Planck Joint analysis  
•  SOON.  Unfortunately can’t discuss results 
today! 
•  The combination of B2 and Planck is far more 
powerful than either alone 
•  Collaborative effort has been extremely fruitful 
(+ enjoyable) 
•  Exchange of maps, full filtering matrices, 
signal and noise simulations, cross-checks of 
power spectrum estimators – good template 
for future joint analyses 
•  Analysis invokes all spectra and cross spectra  
•  Multi-component, parametric CMB+foreground 
analysis for likelihood 
–  full data release, spectra and likelihood code 
•  Timeline has allowed inclusion of full Keck 
2012+13 150 GHz datasets 
Bicep2, Keck Array and Planck Collaboration 
Limits on astrophysical decorrelation  
34 
●  Consistency of dust amplitude in Planck 353 and 217 GHz BB auto spectra with dust amplitude in the 
cross spectrum limits possible spatial decorrelation of dust signal between frequencies (e.g. from a 
spatially varying color spectral index). 
●  Averaging over the 400 deg2 patches yields a mean decorrelation ratio d = 1.01 ± 0.07. 
●  Averaging over the six 0.3 < fsky< 0.8 patches yields d = 1.01 ± 0.03. 
<217x353>BB 
[<217x217>BB<353x353>BB]1/2 
400 deg2 patches 
0.3 < fsky< 0.8 patches 
BICEP2 (400 deg2) patch 
<I353> [MJy sr-1] 
Bicep2, Keck Array and Planck Collaboration 
Limits on systematic decorrelation  
35 
TT 
EE 
●  Consistency of B2K and Planck 143 GHz year-split TT auto spectra with the cross 
spectrum limits possible decorrelation from pointing error, pipeline errors, etc. Weighted 
mean over multipole yields decorrelation ratio d = 0.9996 ± .0001. 
●  Consistency of the EE spectra will be an important test. 
(error bars include no sample variance) 


Instantaneous	  Sensi;vity	  
Cumula;ve	  Map	  Depth	  
nK-­‐deg	  
Sarah	  Kernasovskiy	  
Keck 2014  has a full season with 2 receivers at  95 GHz 
 
Coming next (2): Keck Array 2014 at 95 GHz  
Coming next (1): BICEP2 + Planck Joint analysis  


Coming next (2): Keck Array 2014 at 95 GHz  
Coming next (2): Keck Array 2014 at 95 GHz  
Q,U Map 
Depth  
[ nK-deg ] 
( uK-arcmin ) 
Total Survey 
Sensitivity  
[ nK ] 
Total Survey 
Weight 
[ uK-2 ] 
Bicep2 87 (5.2) 3.15 101,000 
Bicep2 + 
Keck12+13 
57 (3.4) 2.01 248,000 
Keck14 95 
GHz 
126 (7.6) 4.60 61,000 
Dust BB expected ~5x fainter at 95 GHz vs 150 GHz  
What’s Next? 
•  We are actively working with the Planck collaboration on a 
joint analysis of the two data sets 
–  The combination of the two is more powerful than either alone 
–  Goal is a joint paper in late Nov (meeting here at UMN in a couple of weeks 
to discuss) 
•  We also ran two of the Keck Array receivers this season at 
100 GHz 
–  Data in the can probably offers a stronger constraint on the value of r than 
BICEP2+Planck 
–  Guys here are gearing up to analyze as fast as possible when the data 
taking finishes on Nov 1 (Stefan, Eric, Justin) 
•  We are right now preparing to deploy BICEP3 which is an 
all 100GHz super receiver… 
  
1 
BICEP2/Keck BICEP3 
 
Receiver from 
C.L. Kuo’s 
group at 
Stanford 
Coming next (3):  
BICEP3 in 2015  
Advanced	  materials	  (99.6%	  	  Al2O3)	  
For	  large	  BICEP3	  cold	  opScs	  
~60	  cm	  aperture	  
BICEP3	  large	  opScs	  
BICEP3 in lab: October 2014  
Modular	  focal	  plane	  	  
New	  type	  of	  SQUID	  MUX	  
~	  SPT-­‐3G	  in	  size	  &	  AΩ	  
BICEP3 in 2015 
~= Four 95GHz  
Keck receivers 
BICEP3 at South Pole: December 2014 
BICEP3 at South Pole: December 2014 
BICEP3 receiver is 
going onto BICEP 
mount at Pole as we 
speak today 
New	  BICEP3	  
groundshield	  
Coming next (4): Keck Array 220 GHz  
Keck receivers in 2015: 
  2 x 220 GHz 
  2 x 95 GHz 
  1 x 150 GHz 
Keck	  ﬁrst	  light	  @	  220	  
reported	  today	  (Jan	  15)	  
Coming next: 
Results from current data: 
•  Planck X BK150 GHz  ~ by end of Jan 2015 
•  will be limited by noise on dust template over BK field  
•  Keck 95 GHz   ~ by spring 2015 
•  Maps are already nearly as deep as B2, 5x lower dust  
•  BICEP3 + Keck 220 GHz  ~ by end of 2015 
•  We’ve already added a 3rd frequency.  Ultra-deep maps  at 
220 GHz coming, while 95 GHz will soon surpass 150 GHz.  
At this ultra-deep level, we can expect to learn a lot quickly 
about FG discrimination. 
•  More joint analyses to come: SPTpol, others soon? 
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•  will be limited by noise on dust template over BK field  
•  Keck 95 GHz   ~ by spring 2015 
•  Maps are already nearly as deep as B2, 5x lower dust  
•  BICEP3 + Keck 220 GHz  ~ by end of 2015 
•  We’ve already added a 3rd frequency.  Ultra-deep maps  at 
220 GHz coming, while 95 GHz will soon surpass 150 GHz.  
At this ultra-deep level, we can expect to learn a lot quickly 
about FG discrimination. 
•  More joint analyses to come: SPTpol, others soon? 
Prospects: 
•   More sky?  Note that map at upper right is S/N < 1 everywhere 
cyan or bluer, with high correlations—so lots still to learn about the 
faintest regions.  Looks promising for 95 GHz and larger f_sky. 
•   Small aperture measurements work very 
well, so expect another round of upgrade ! 
σ(r)min ~  0.06 
Planck XXX,  353GHz dust 
rmin= 0.01+/-0.06 
Stay tuned ! 
